Different parts of the Mycobacterium fortuitum plasmid pAL5000 necessary for plasmid replication and incompatibility were defined and studied. Two ORFs, named repA and re@, were defined which are necessary for replication. A pAL5000 derivative deleted in these genes can be made to replicate by providing the gene products in trans. A 435 bp fragment was defined which was necessary in cis for replication and which had an influence on copy number. This region (inc), which contains several repeated motifs, was also able to confer a degree of incompatibility when cloned into an otherwise unrelated mycobacterial replicon. pAL5000-derived plasmids carrying two copies of the inc region had a lower copy number and were less stable than the wild-type. These effects were only observed when the two regions were in the same orientation. Plasmids carrying only the inc region and no other parts of pAL5000 could be made t o replicate if repA and repB were supplied in trans from another plasmid. Based on these findings, systems for selectively curing cells of one plasmid of a pair were designed and shown to be functional in Mycobacterium smegmatis. These have potential as a simple delivery system for achieving transposon mutagenesis or gene replacement in mycobacteria.
INTRODUCTION
Introducing recombinant D N A into mycobacteria has been possible for several years, using Escherichia colzmycobacteria plasmid shuttle vectors. Several replicons have been described and used in chimeric constructs (Snapper etal., 1988; Ranes etal., 1990; Stover etal., 1991 ; David e t al., 1992; Qin e t al., 1994; Beggs e t al., 1995) . Even so, little is known about plasmid replication and stability in mycobacteria ; efficient shuttle vectors have largely been constructed by trial and error. Plasmid delivery systems for such essential genetic tools as transposon mutagenesis and gene replacement are also lacking. A temperature-sensitive plasmid has been described (Guilhot e t al., 1992; Gavigan et al., 1995) ; although it can be employed in Mycobacterium smegmatis, it is less useful in the Mycobacterium ttrberctrlosis complex, owing to the narrow temperature range of these organisms. Clearly, a greater understanding of the biology of mycobacterial plasmids would aid in carrying out genetic experiments. The present work is a study of the regions and mechanisms governing the replication, compatibility and maintenance of the Mycobacterium fortuittlm plasmid pAL5000 (Labidi e t al., 1985) , a widely used mycobacterial replicon. Two reports of the pAL5000 nucleotide sequence have been published (Rauzier e t al., 1988; Labidi e t al., 1992;  GenBank accession nos M23557 and M60875, respectively) which are not identical and which predict five and two ORFs, respectively. Thus there is a need to study this replicon in greater detail. The model organism for the work was M . smegmatis strain mc2155 (Snapper e t al., l990) , because of its fast growth and ease of manipulation. Through deletion mutagenesis and subcloning we have defined two ORFs, both of which seem to be necessary for replication and which act i~ tram.
We have also defined a 435 bp region on pAL5000 which is needed in cis for replication and which influences copy number and incompatibility characteris tics. In addition, we also determined changes in relative copy numbers arising from changes in the plasmid structure.
On: Sun, 02 Dec 2018 21:50:19 P. STOLT a n d N. G. S T O K E R T h e conclusions reached were subsequently evaluated in Mycobacterkzm bovis BCG and found to be valid in that organism; thus the replication mechanism of pAL5000 is similar in slow-growing as well as fast-growing mycobacteria, which has relevance in the context of establishing genetic systems for manipulating the pathogen M. tzlberczllosis.
METHODS
Bacterial strains and media. E. coli strain DH5a (Hanahan et al., 1991) was used throughout to manipulate plasmid DNA. E. coli cells were grown in T Y medium (16 g tryptone; 10 g yeast extract; 1-') with or without the addition of kanamycin (Km; 50 pg ml-'), ampicillin (50 pg ml-') or chloramphenicol (Cm; 40 pg ml-'). M. smegmatis strain mc2155 (Snapper e t al., 1990) was grown in Lemco medium (Difco) or on Lemco agar plates.
M. bovis BCG strain Pasteur was grown in Middlebrook 7H9
liquid medium (Difco) or on 7H10 agar (Difco) supplemented with oleic acid albumin dextrose (OADC; Difco). PCR reactions. PCR primers were synthesized using a Pharmacia Gene Assembler Plus automated D N A synthesizer ; sequences are shown in Table 1 . Pfu DNA polymerase was purchased from Stratagene. The PCR products were cloned following digestion (Sambrook et al., 1989) . For large-scale plasmid preparations, Wizard midipreps (Promega) were used. Mycobacterial plasmid DNA was extracted from 10 ml cultures by treating harvested cells with lipase (Sigma; 1 mg ml-l) and lysozyme (Sigma; 1 mg ml-') for 3 h, followed by an alkaline lysis procedure similar to that used for E. coli. The lysates were treated repeatedly with phenol/chloroform and the DNA was precipitated with ethanol. Southern blots were carried out as descibed in Sambrook et al. (1989) ; DNA probes were labelled with [32P]dCTP. When detecting ssDNA, the denaturation step prior to transfer to nitrocellulose was omitted.
Electroporation. Competent M . smegmatis cells were prepared as described by Snapper e t al. (1990) . Transformation was performed on 300 pl aliquots of cells with 1 pg DNA. Transformation efficiency was measured for each batch of competent cells to minimize differences in electrocompetence. Transformation of M. bovis BCG was carried out as described by Dellagostin et al. (1993) .
Copy number determination.
Relative plasmid copy numbers were determined as single-cell resistance (SCR) to Km (Nordstrom, 1993) . Cells were grown to late-exponential phase and 105-fold dilutions were spread onto LB plates containing different concentrations of Km. Total viable cell counts were also determined on LB plates with no selective pressure. The minimum concentration of Km necessary to inhibit cell growth was taken as the SCR. Stability of plasmids. M . smegmatis cells carrying different KmR plasmids were grown in Lemco medium without selection for up to 120 generations and 106-fold dilutions were made from each culture at stationary phase. The cells were plated on Lemco agar plates with and without selection and the fraction of resistant cells was taken as a measure of plasmid-carrying cells.
The loss factor (LF ; Nordstrom & Austin, 1989) was calculated according to the formula :
where I/ is the fraction of plasmid-carrying cells after g generations.
RESULTS AND DISCUSSION
T h e shuttle plasmid pYUBl2 (Snapper e t al., 1988) was our starting point for studying pAL5000 propagation mechanisms in M . smegmatis. This construct is pAL5000, together with an E. coli origin of replication and the K m R gene from transposon Tn5. Removing the KmR gene by cutting with BcA and replacing it with the hygromycin (H y ) -re s i s tance gene from Strep tomyes hygroscopicm (Lydiate e t al., 1989) o n a 1739 bp BgAI fragment yielded pUH4. Thus pYUB12 and pUH4 are identical except for the resistance conferred ( Fig. 1 ).
Plasmids pYUB12 and pUH4 were electroporated into M .
smegmatis either separately o r together. T h e co-transformation efficiency was about 20% of that of each plasmid alone (Table 3) , which indicated that the t w o constructs could co-exist in the cells, suggesting room for further manipulation of their characteristics.
Replication proteins
There is one region o n the pAL5000 DNA, according to the sequence reported by Rauzier e t al. (1988) , which comprises t w o ORFs flanked by sets of repeated sequences (Fig. 2) . We have checked the pAL5000 sequence of the regions coding for ORFl and ORF2 where the reports by Labidi et al. (1992) differ from that by Rauzier e t al. (1988) and found n o errors in that reported by Rauzier e t al. (1988) . We therefore refer to this as the correct sequence (GenBank accession no. M23557) throughout this work. deleted by removing an AscI fragment from pYUB12, yielding pUH12. We found that pUH12 was unable to replicate in M . smegmatis. However, in co-transformations with pUH4, double transformants were obtained. Both plasmids could be recovered intact from these transformants (not shown). Thus, the product(s) from the ORF1-ORF2 region are necessary for replication and act in trans. We found similarity between ORFl and the Rep proteins from ColE2-related plasmids (Fig. 3 ), which has also been noted by Hiraga eta/. (1 994), a further indication that this protein has a role in replication.The ORF2 product has no significant similarities with any protein in the GenBank database.
Based on these findings, a set of potential replicons was constructed, using PCR to amplify distinct regions from pAL5000. The PCR products were cloned into pUCl8 and the KmR gene from Tn903 was cloned into these constructs. The resulting plasmids were tested for their ability to replicate in M. smegmatis (Fig. 2) .
Constructs containing ORFl but not ORF2 (pUH29 and pUH36) were unable to replicate autonomously in M . smegmatis however much of the upstream sequences were included. If ORF2 was included, only a few hundred base pairs upstream of ORFl were necessary for replication. The upstream region with the high incidence of repeats (region 1 in Fig. 2) was always necessary. The products from ORFl and ORF2 were designated RepA (ORF1) and RepB (ORF2), respectively. The requirement for RepA and RepB corroborates the sequence reported by Rauzier e t al. (1 988) , since the repA and repB ORFs are not present on the sequence published by Labidi e t al. (1992) .
Our results on their own do not show conclusively that RepA is necessary for replication at all, although it would be a great coincidence to have such high similarity to other replication proteins without a role for RepA. An indication that RepA is indeed necessary is the observation by construct has been modified in an undefined way to remove restriction sites (Stover e t al., 1991) and so comparisons with pUH52 are not straightforward.
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The smallest functional replicons we constructed, pUH52 and pUH61, produced some ssDNA detectable by Southern blotting without previous denaturation of the DNA (not shown). If pAL5000 is similar to ColE2 plasmids, it would replicate by a @-type mechanism and the presence of ssDNA in this context is somewhat surprising. These two vectors may have a use as delivery vectors in recombination experiments, since ssDNA is recombinogenic (West, 1992 ; Liu e t al. , 1993).
There was a difference in growth characteristics between cells harbouring replicons pUH52 and pUH6l. The larger replicon, pUH61, which has an additional 450 bp upstream of ORFl , produced colonies after 3-4 d following transformation, whereas cells transformed with pUH52 took 5-6 d to grow on plates. There was no significant difference in transformation efficiency. Cells co-transformed with pUH52 and pUH4 took as long to form colonies as cells transformed with pUH52 only, indicating that the effect is not due to low expression of a replication protein.
Copy number and incompatibility
To test whether the repeated sequences on pAL5000 have a role in copy number control and incompatibility, we cloned additional copies of the regions (termed 1 and 2 in 
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-- (1988) is shown underlined. The start of ORFl translation has not been defined experimentally; that given here is used in the alignments in this work. patibility, we scored for differences in co-transformation efficiency when the constructs were electroporated into M . smegmatis together with pUH4. This method is less conclusive than the standard assessment of incompatibility through displacement of a resident plasmid, but we thought it adequate for indications of whether the manipulated regions had an in vivo effect or not.
Doubling the number of iterons in region 2 (clone pUH10) had no noticeable effect on the co-transformation ability or stability of the plasmid. However, when region 1 was inserted as an additional 1 kb SmaI fragment (clone pUH25), a marked decrease in co-transformation efficiency was seen, with the value reduced almost to zero ( Table 3 ). The transformation efficiency for each pYUBl2-derived construct was not noticeably different from that of pYUB12. Hence, differences in co-transformation ability were ascribed to the effects of region 1, which was designated inc.
The nucleotide sequence o f this region is shown in Fig. 4 .
There are several regions of direct and inverted repeats in the sequence. Following subcloning, the active region was further narrowed down to the 435 bp region shown boxed in Fig, 4 . This region was also present on all the functional replicons defined above and thus necessary for the replication of pAL5000. The decreased co-trans- formation efficiency was only seen when the iterated regions were present in the same orientation (Table 3) ; plasmids with an extra inc in the opposite orientation behaved like wild-type. This argues for the sets of direct repeats in the region being responsible for the observed effects, since inverted repeats would be orientationindependent. There are two sets of direct repeats in the region (Fig. 4) . One set has the repeats separated by 11 nucleotides, which would place them on the same side of the DNA helix, making them a possible binding site for a protein.
Incompatibility arises from the competition of two replicons for stable inheritance. To test whether the effects from the inc region of pAL5000 can be conferred to otherwise unrelated replicons, a construct (pUH27) was generated by inserting the 1 kb SmaI fragment into the unrelated mycobacterium-E. coli shuttle vector pBL515 (David e t al., 1992) . Whilst the pair pBL515 and pUH4 was readily compatible, the co-transformation efficiency dropped by a factor of 10 when pUH27 and pUH4 were mixed (Table 3 ).
If the inc region is a &-acting plasmid-specific sequence necessary for replication, each copy of inc would have the same effect as one copy of the whole plasmid in competing for components of the replication machinery of the cells.
In that case, doubling the number of inc regions on one plasmid would reduce its copy number. We determined relative copy numbers as SCR to Km, a method which has been shown to work well for low-and medium-copynumber plasmids (Nordstrom, 1993) .
The SCRs for cells containing constructs pYUB12, pUHlO and pUH25 as well as for pYUBl2 co-existing with pUH4, are shown in Fig. 5 . The relative copy number for pYUB12 was set to 1. When pUH4 was present, the SCR for cells carrying pYUB12 was reduced to 0.65, almost half that of cells carrying pYUB12 alone. This argues for the applicability of the method, since such a reduction in copy number was to be expected when two derivatives from the same replicon co-exist in one cell. There was a decrease in SCR for pUH25 (which carries two copies of inc) compared with pYUB12, corresponding to a relative copy number of 0.6, or about half that of the wild-type. Thus the number of repeats in the inc region influences the plasmid copy number. In contrast, the plasmid pUH10, with twice the number of iterons in region 2 (Fig. 2) , had a relative copy number of 0.8, only a slight decrease from that of wild-type. Thus there was a correlation between our co-transformation findings and the copy number experiments.
In determining the SCR, we noticed a difference between the level of resistance conferred by the KmR genes from transposons Tn903 and Tn5. The Tn5 KmR gene originates from the E. coli plasmid JR67 (Berg etal., 1975) while the KmR gene from Tn903 originates from the E. coli plasmid R6-5 (Berg e t al., 1978; Nomura e t al., 1978) . To quantify the differences, the T n 5 KmR gene of pYUB12 was replaced by the KmR gene from Tn903, creating pUH70. In testing for SCR, pYUB12 scored approximately three times higher than pUH70. Hence, for the determination of relative copy number, only constructs with a common source of KmR genes were compared. There was no other difference between pYUB12 and pUH70, either in stability on their own or in loss rate when co-existing with pUH4, indicating that the two different KmR genes pose a similar burden on the cells.
If the construct pUH25 has half the copy number of the wild-type plasmid, this construct might also be expected to be less stable. The stability of the plasmids pYUB12 and pUH25 was monitored and the resulting curve is shown in Fig. 6 . There was indeed a difference in stability pAL5000 replication and incompatibility between the two constructs; it translates into an LF (Nordstrom & Austin, 1989 ) of 0-12 per generation of cells carrying pUH25, compared with 0.09 for cells harbouring the wild-type pYUB12. Both plasmids are considerably less stable than pUH4 (not shown). Since the mycobacterial parts of pYUB12 and pUH4 are identical and the only difference between these constructs is the resistance marker, the lower stability of pYUB12 compared with pUH4 indicates that the KmR gene is a greater burden on the cells than the HyR gene.
The plasmid LF may be used to estimate copy number of plasmids (Nordstrom & Austin, 1989) . Given the relation LF Z 2-'%, this would give a copy number of 1.7 for pYUB12 and 1.5 for pUH25. However, these calculations from plasmid loss hold true only when the plasmids are segregated at random on cell division and there is no difference in growth rate between plasmid-carrying and plasmid-free bacteria (Nordstrom, 1993) . If the KmR gene is indeed a burden on the cells, pYUB12 would be lost sooner than in the ideal case, leading to a calculated copy number which is lower than is actually the case. The greater stability of HyR-conferring plasmids does not imply a higher copy number, only a lower apparent loss rate. Nevertheless, all our investigations point to very low copy numbers for these mycobacterial plasmids and they corroborate the findings that doubling the inc region reduces the copy number.
rig i n activation
If the replication proteins act in trans and the target is the inc region, then this part of pAL5000 may also be the origin of replication. To test this, we cloned the 1 kb SmaI fragment containing inc in pUC18 and added the KmR gene from Tn903. The resulting construct, pUH77, was unable to replicate autonomously in M. smegmatis, but could be activated by co-transforming with pUH4. The same experiment was carried out with the 760 bp inc fragment (construct pUH93 ; Table 2 ). Both constructs replicated in M. smegmatis when ORFl and ORF2 were present in the cells on pUH4, although the transformants typically needed 2 d longer to grow on plates upon electroporation than did cells transformed with the pair p U H l l and pYUB12. The plasmids were recoverable from the transformants and we did not notice any recombination events between them.
Thus, all cis-acting elements necessary for replication are encoded on the region between bases 3861 and 4620.
Applications
Incompatibility can be used selectively to cure a transformed mycobacterium cell of a plasmid. The pAL5000derived pair pYUB12/pUH4 are incompatible to such a degree that pYUB12 could be displaced by pUH4 under Hy selection over some 40 generations (Fig. 6 ). T o test the feasibility of curing through incompatibility, pUH22 was created, a construct identical to pYUB12 but lacking the KmR gene. With pUH22 as a helper plasmid, it was possible for p U H l l and pUH12 to replicate in M . * Cells were picked from plates from transformations with the plasmid pairs pUH22IpUH11 or pUH22/pUH12 and were plated without selection. Single colonies grown up on these plates were subsequently titrated onto selective and non-selective plates to determine the fraction of antibiotic-resistant and thus presumably plasmid-carrying cells in each colony. The pair pYUB12/pUH4, where both plasmids replicate, was used as a comparison with the pair pUH12/pUH22 ; single colonies from these plates were titrated onto Hy plates to score for loss of pUH4. t T h e total number of cells refers to the number of cells in each single colony picked from plates with no selection. smegmatis. Selection for pUH11 or pUH12 was sufficient to keep pUH22 in the cells, since loss of the helper would lead to loss of the plasmid carrying resistance. The use of only one antibiotic marker to select for two plasmids is advantageous given the dearth of suitable markers for mycobacteria. Again we observed no recombination between plasmids over 20-50 generations.
Transformants carrying pUH22 and either pUHl1 or pUH12 were spread on plates with no selection and single colonies were allowed to form. These were then titrated onto selective plates to score for plasmid retention. The results (Table 4) show that the conditionally replicating plasmid with the antibiotic resistance was efficiently lost over the approximately 23 generations needed to form a single colony when the selection pressure was removed. Thus the conditionally replicating plasmid was lost more efficiently than replicating ones, as indicated by a comparison with the pair pYUB12/pUH4 (Table 4 ).
To test whether the conclusions drawn from work with M. smegmatis are valid for slow-growing mycobacteria, we have confirmed some of our findings in another host, M . bovis BCG. Co-transforming with the pair pYUB12 and pUH4 gave results similar to those obtained with M. smegmatis. p U H l l also did not replicate in M. bovis BCG 
